Alosa pseudoharengus (alewife) has declined throughout New England. A factor that may be responsible for such stock reductions is urbanization of watersheds discharging into alewife nursery ponds. We found that young-of-the-year (YOY) alewife length, weight, condition factor, and growth rate decreased in relation to increased urban land cover on watersheds of nine Massachusetts and Maine ponds. The watersheds ranged from 3% to 60% urbanized land cover. YOY ␦ 15 N increased significantly in proportion to urbanized land cover on watersheds, suggesting a concrete link between watershed land cover and YOY alewife metrics, which is in agreement with previous knowledge that N discharges from more urbanized watersheds bear higher ␦ 15 N. The New England results confirmed results across a wide latitudinal gradient that suggested that the size of YOY alewife decreased as urban land cover on watersheds increased. The dominant influence of urban land cover in the YOY is highlighted by the fact that YOY alewife from ponds with the highest percentage of urban cover reached ␦ 15 N as high as that of adult spawners migrating from the ocean, who feed at higher trophic levels.
Introduction
The alewife (Alosa pseudoharengus) once ranked among the most abundant species along the North American east coast, with individual populations estimated in the tens to hundreds of millions (Hall et al. 2012) . Coastal alewife populations have been in decline since the 1960s, and dramatically so in the 2000s (Limburg and Waldman 2009; ASMFC 2012) . By 2005 the commercial landings of river herring (alewife and its congener the blueback herring (Alosa aestivalis)) were only 1% of the 1958 catch ( Fig. 1) , prompting increased public concern about these stocks of cultural and historical commercial importance. In 2006 the state of Massachusetts approved a 3-year moratorium on river herring, which was extended until further notice. Other states (Connecticut, Rhode Island, New Jersey, and North Carolina) have also closed their fisheries for river herring. The US National Marine Fisheries Service has listed both species of river herring as Species of Concern and is currently considering listing both as Threatened under the Endangered Species Act.
Alewife populations range from the Gulf of St. Lawrence and northern Nova Scotia to North Carolina (Collette and Klein-MacPhee 2002) . Anadromous adults run into coastal rivers, estuaries, and ponds in spring (mid-March to mid-May) to spawn, returning to sea shortly thereafter. Eggs hatch within days; juveniles grow throughout the summer in headwater ponds and river sections, and then migrate from rivers and estuaries out to sea, depending on food availability, stream discharge, and water temperature (Richkus 1975; Kosa and Mather 2001) . The anadromous life history of alewife exposes the populations to changes in ocean, river, and watershed conditions, and allows the species to play a variety of roles in the environments it uses during its life history. For example, adults migrating in from the sea can provide nutrient subsidies to the streams and ponds where they spawn and often die (Durbin et al. 1979; Walters et al. 2009; Twining et al. 2013) . Alosa spp. are well known to alter the size structure of zooplankton in lakes and ponds due to size-selective feeding (Brooks and Dodson 1965) . These species are also important forage fishes, the losses of which have disrupted coastal marine food webs (Limburg and Waldman 2009; Hall et al. 2012; Ames and Lichter 2013) .
A number of causes have been suggested for the large reductions in alewife populations (Moring 2005) , including lower water levels in streams (Yako et al. 2002) , predation, the loss, fragmentation, and degradation of habitat, overfishing, and bycatch (Deegan and Buchsbaum 2005) . One other factor that could impair alewife success is reduced water quality associated with increasing urbanization of watersheds discharging into the nursery habitats (Limburg and Schmidt 1990; Fitzgerald et al. 1999; Oczkowski and Nixon 2008; Turner and Limburg 2016) . Studies of fish responses to urban gradients have found decreases in diversity and morphometric variables with increasing impervious surface cover or other urban land indicators (Wang et al. 1997; Yoder et al. 1999; Daniels et al. 2002; Utz et al. 2010) . Conversion from forested to developed land increases nutrient loads from watersheds into streams and estuaries, lowers water quality (Valiela et al. 1992 Smith et al. 2003) , and reduces anadromous fish habitat (Alberti et al. 2007; Lohse et al. 2008; Coles et al. 2010 ). Limburg and Schmidt (1990) found inverse correlations between urbanization and alewife egg and larval production in 16 Hudson River tributary watersheds. These results, on aggregate, suggest that the degree of urban development on watersheds discharging into waters adversely affects alewife and seems likely to affect the early stages of young-of-the-year (YOY) fish in particular.
In this paper, we examined how the degree of urbanization of New England coastal watersheds that discharge into nursery ponds affects YOY alewife there. The choice of life stage (near end of first growing season) integrates the factors of production and growth up to the time of emigration from pond to sea, and individuals that are larger and in better condition at egress should have greater chances of survival and hence fitness (Limburg 1996; Sogard 1997) .
First, we identified nine coastal ponds receiving discharges from watersheds with a degree of urbanization spanning a wide range (3%-60% of the area of the watersheds). Second, we assessed length, weight, growth rate, and condition factor in populations of YOY alewife within the nine ponds and then compared these morphometric variables to the degree of urbanization on the contributing watersheds. These data test the hypothesis that juvenile alewife exhibit signs of poorer condition in waters receiving discharges from watersheds with a greater degree of urbanized land covers. Third, to more unambiguously link the possible impairment of YOY performance to variables directly associated with urbanized land uses, we measured nitrogen stable isotope ratios (␦ 15 N) in YOY alewife collected from each of the nursery ponds. Assessments of ␦ 15 N have been used for multiple purposes (Peterson and Fry 1987; Fry 2006) , one of which is to establish position within trophic webs, and a second is to reveal contributions from different sources of N discharged into water bodies. Wastewaterderived N ␦ 15 N values range from +10‰ to +20‰, fertilizer used in agricultural land from -3‰ to +3‰, and atmospheric deposition within +2‰ to +8‰ (McClelland et al. 1997; McClelland and Valiela 1998; Cole et al. 2006 ). Heavier ␦ 15 N values follow increasing urbanization, largely owing to the influence of elevated ␦ 15 N signatures in wastewater, in Cape Cod (McClelland et al. 1997; Griffin and Valiela 2001; Cole et al. 2006; Martinetto et al. 2006 ) and elsewhere (Limburg et al. 2005; Ulseth and Hershey 2005; Vander Zanden et al. 2005; Reynolds-Vargas et al. 2006; Dillon and Chanton 2008) . Therefore, ␦ 15 N is a useful tool to demonstrate concretely the link between juvenile alewife in water bodies and the mix of specific N sources associated with urbanization that are discharged from contributing watersheds. Our primary focus was to use alewife ␦ 15 N as an index of urbanization impact, but we also examined carbon isotopic ratios as a potential secondary tracer (Oczkowski et al. 2014 ).
Methods

Site description and land use on watersheds
This study was conducted at nine areas used by alewives as nursery habitats along the coast of New England (Fig. 2 ). Six sites in Cape Cod, Massachusetts, received spawner adults entering from Cape Cod Bay (Herring River, Herring Brook, Stony Brook) or Vineyard Sound (Oyster Pond, Coonamessett Pond, Johns Pond). Three other watersheds were within the Androscoggin River basin (Marshall Pond, Taylor Pond, Sabattus Pond) in southern Maine. These sites were selected because land cover on the contributing watersheds showed different degrees of urbanization, and the range of land use was representative of the Northwest Atlantic coastal region of North America (Table 1) . Watershed area ranged from 1.3 to 81.1 km 2 , of which urbanized area varied between 3.1% to 60.4%. Area of the ponds ranged between 0.28 and 7.98 km 2 .
To quantify the degree of urbanization in each watershed, Monteiro (2011) delineated the watershed for each site using water table contours from the US Geological Survey (Cape Cod sites, Savoie 1995), with boundaries previously determined using 1:24 000 scale contours (http://megis.maine.gov/catalog/, Maine study sites). Monteiro (2011) used the 2001 National Land Cover Data set (NLCD2001 version 2), developed by the Multi-Resolution Land Characteristics Consortium (http://www.mrlc.gov), with 30 m resolution considering 16 categories, based on satellite imagery acquired in 2001. Urbanized area in each watershed (Table 1) was estimated by adding areas of open space, barren land, and low, medium, and high intensity residential land use, using geographic information system (GIS) software (ArcGIS 10.1, ESRI, Redlands, California).
YOY alewife
Juvenile alewives departing to the sea were sampled in all study sites between August and October 2008 ( Table 2 ). The staggered dates were due to differences in weather conditions that caused the fish to emigrate, and time of sampling was advised by local fish wardens. We used a variety of gear, including dip nets 0.5 m wide, 1 cm mesh, a small (1 m) scap net, and a 5 m × 1.3 m straight seine (1 cm mesh), deployed at the outlet of each pond, collecting until at least 20 individuals were obtained. Between 20 and 100 fish from each site were caught and frozen immediately.
To assess condition of YOY alewives, we recorded, for each fish collected in each of the nine sites, total length (TL) to the nearest millimetre and wet weight (WW) to the nearest 0.1 g. Fulton condition factor, K = 10 5 × WW × TL −3 , was calculated as a measurement of physical condition (Le Cren 1951; Pope and Kruse 2007). Fish with higher K are heavier at a given length than those with lower K. To measure age of YOY, pairs of sagittal otoliths were dissected from the fish, cleaned of any debris or connective tissue, triplerinsed in ultrapure Milli-Q water, air dried, and stored in plastic bags. Each otolith was then mounted on a petrographic slide with cyanoacrylate glue and ground to expose the core and all the daily growth increments (DGIs), and polished to 3 m with lapping film at the Woods Hole Oceanographic Institution (Woods Hole, Massachusetts). Age was determined as the mean value of two countings of otolith DGIs at × 400 magnification (validated by KL on known-age YOY Alosa (Limburg 1994) ). Ages were further verified by random samples in which previously aged otoliths were photographed and daily increments counted "blind" (i.e., without knowing the previously determined age). If age readings for an individual otolith were more than 10% apart, it was re-counted, and final age was determined as the average of three or more readings.
To estimate growth rates of YOY, we determined the age of each individual by counting otolith DGIs. Daily growth rate was computed by subtracting the estimated length at hatch (3.7 mm, the mean of a range of 2.5 to 5.0 mm; Jones et al. 1978 ) from total length and dividing by age. 
Stable isotope analyses
We measured ␦ 15 N and ␦ 13 C on dorsal white muscle tissue of 20 alewives per site. For each site, five fish were analyzed individually, and 15 fish were grouped into three pooled samples with no repetition, resulting in a total of eight muscle tissue samples per study site. (Due to budget limitations, we could not analyze all fish individually.) Tissue samples were dried at 60°C for 48 h to a constant weight, and then homogenized into a fine powder using a mortar and pestle, weighed, and loaded into tin capsules for combustion and further stable isotope analysis. Stable isotope analyses were conducted using a Europa ANCA-SL elemental analyzer -gas chromatograph preparation system attached to a continuous-flow Europa 20-20 gas source stable isotope ratio mass spectrometer, at the Stable Isotope Laboratory at the Ecosystems Center, Marine Biological Laboratory, Woods Hole, Massachusetts. The isotope ratios were expressed as ␦X (‰) = [(R sample / R standard ) − 1] × 10 3 , where X is 15 N or 13 C, and R is the ratio of 15 N/ 14 N or of 13 C/ 12 C, where standard references are atmospheric N 2 and carbon in PeeDee limestone (Peterson and Fry 1987) .
In a separate related study, adult alewife entering these watersheds from the Atlantic Ocean in March-May to spawn were also collected and analyzed for stable isotope ratios of C and N (details in Monteiro 2011). Of these, 12 adults per site were included here to compare with the YOY, testing the hypothesis that marine-origin ␦ 15 N in adult spawners did not relate to within-watershed urbanization.
Statistical analyses
Analyses were conducted in Excel (Microsoft Corp.), Statistica (TIBCO Software, Inc.), and the R programming language (R Core Team 2019). To determine whether isotopic signature, fish metrics, condition factor K, and growth rates of juvenile alewives were related to percentage of urbanized land use on watersheds, we performed linear regression analyses using the mean value of each study site (type I). p values less than 0.05 were accepted as significant. We also further explored the data sets with linear mixed models using the R packages lme4 (Bates et al. 2019 ) and lmerTest (Kuznetsova et al. 2019) to test for random effects of pond and sampling date, since the former differed geographically and the latter ranged over 2 months. This allowed us to use all the data and to test the relative influences of age, urbanization, and possible interactions.
For the isotopic signature of juvenile fish, means and variance between individual (N = 5/site) and pooled samples (N = 3/site) were compared for each watershed. In the cases where means of individual and pooled samples were significantly different (p > 0.05), only the five individual data points were used. Otherwise, all data points were treated as replicates in determining the mean value per site, which were then used in the regression analysis for stable isotope data.
Means of total lengths, weights, condition factor K, and growth rates (mm·day −1 ) within each site were regressed on percent watershed urban cover. Growth rates were also regressed on mean YOY ␦ 15 N per site, testing whether the heavier isotopic ratios (from more urban dietary sources) were correlated with decreased growth rates. Finally, YOY lengths were compared with mean lengths at first egress to ocean reported by Turner and Limburg (2016) as a function of percent watershed urban cover, and similarly, YOY ␦ 15 N was compared with adult ␦ 15 N as a function of percent watershed urban cover.
Results
Effects of degree of watershed urbanization on morphometry of YOY alewife
Measurements of size and weight of YOY alewife differed widely among ponds (Table 2 ) and made it feasible to test whether there were relationships between measures of YOY length, wet weight, and condition factor ( Fig. 3 ) and the degree of urbanized land cover on watersheds. Increased watershed urbanization was associated with significant decreases in total length, wet weight, and condition factor (Fig. 3) . Values for total length and wet weight (but not K) measured in fish in Maine tended to be more variable than in fish measured in Massachusetts water bodies (Fig. 3) . The large variability in the Maine data could be related to larger geomorphic differences among the Massachusetts and Maine sites (Table 1 ). Linear mixed model analysis identified significant effects of fish age, percent watershed urbanization, and their interaction on total length and fish growth rate, but with only additive effects of age and percent urbanization influencing ln(weight) and Fulton condition factor K (p < 0.001). Best models (evaluated by Bayesian Information Criteria) included both pond (i.e., location) and sampling date (i.e., time in the season).
Effect of degree of watershed urban land cover on YOY growth rates
Growth rates of YOY alewife, calculated from length (Fig. 3 , top) and age (Table 2) , decreased nonlinearly in ponds receiving discharges from watersheds with more urbanized land covers (Fig. 4,  top) . Growth rates of consumers often decrease with age or size (Valiela 2015) , so differences in age of YOY alewife sampled (Table 2 ) could be partially responsible for changes such as those shown in Fig. 4 . To determine whether the decreased YOY growth (Fig. 4) could be related to differences in YOY size or age, Monteiro (2011) ran regressions on Cape Cod sites and found no relationship between growth rate and YOY alewife age (F = 2.5, p = 0.15) or of K (F = 0.13, p = 0.73) and YOY alewife age. Similarly, there was no apparent relationship between mean age and mean total length (Table 2) , and inspection of age:length plots within individual watersheds showed great scatter (not shown). Nevertheless, linear 
Link of stable isotope signatures and urbanization of watersheds
The ␦ 15 N values measured in alewife muscle tissue were significantly higher in ponds whose watersheds had greater urban land cover (Fig. 5, top) . The robust relationship of ␦ 15 N and degree of watershed urbanization emerged in spite of the large differences in characteristics of watersheds and water bodies sampled (Table 1) . Geomorphic pond characteristics and isotopic signatures in the YOY alewife were not significantly related (Monteiro 2011) . In contrast, ␦ 13 C did not provide much information as a tracer of urbanization or landscape effects, because there was no significant link between ␦ 13 C and degree of urban cover on contributing watersheds (Fig. 5, bottom) or to pond morphometry (data not shown).
YOY alewife size, growth, and condition all decreased in ponds whose watersheds were more urbanized (Fig. 3) . The implied strong linkage between watershed urbanization and the YOY alewife population is further emphasized by the significant decrease in growth rate of YOY alewife in relation to ␦ 15 N values measured in the alewife YOY (Fig. 4, bottom) .
Discussion
The clearly significant link of decreased growth rates and condition factor of YOY alewife to increased urban land coverage and ␦ 15 N is likely to result, at least in part, from differences in N inputs from contributing watersheds, with associated deleterious effects on water quality. Watershed discharges with heavier ␦ 15 N values are associated with eutrophication that may impair water quality in receiving waters (McClelland et al. 1997; McClelland and Valiela 1998; Griffin and Valiela 2001; Cole et al. 2006; Martinetto et al. 2006; Valiela 2015) . The significant relationship of fish ␦ 15 N and degree of urbanization in our study watersheds (Fig. 5, top) resulting from a land-use effect (i.e., heavier allochthonous ␦ 15 N signatures in organisms consumed by the young fish) appears to bear this out. The results presented here demonstrate that dominant and deleterious effects associated with discharges from urbanizing watersheds can affect populations of consumersin our case, juvenile alewivesthat are important members of aquatic food webs (Cole et al. 2006 ) and are consequential as fishery stock and finfish food supplies.
Alternatively, the heavier ␦ 15 N signatures could result from trophic effects (larger fish feeding higher in food webs (Peterson and Fry 1987; Fry 2006) ). For example, differences among ponds could lead to differences in growth, and larger YOY alewife fed higher up in the aquatic food web. The increase in ␦ 15 N in YOY alewife (Fig. 5, top) with increasing percent watershed urban land cover was about 5‰-6‰, values that would be interpreted as a shift of nearly two trophic steps up the food web (Peterson and Fry 1987; Fry 2006) . More carnivorous diets might lead to faster growth (Griffin and Valiela 2001) , but instead we found significantly lower growth rates (Fig. 4) . However, there was no demonstrable link of age and length in the YOY alewife. In this case, ␦ 15 N did not behave as a reliable indicator of trophic position, as it has in other aquatic systems (Peterson and Fry 1987) , but instead reflected the contrasting isotopic inputs from watersheds with different degrees of urbanization.
Eutrophication (over-fertilization) typically stimulates algal blooms, which then die and decay, consuming dissolved oxygen (DO) from the water column. Hypoxia is generally defined as DO concentrations falling below 2 mg·L −1 , a level that adversely affects many higher aquatic organisms (Diaz and Rosenberg 2008) . Some of the Cape Cod ponds in our study, notably those in the Oyster Pond (34.7% urban cover), Coonamessett Pond (45.2%), Herring Brook (59.9%), and Johns Pond (60.4%) catchments, were identified in the study year as having water quality issues, specifically elevated nutrients (MADWM 2008) and low summertime DO (Eichner 2009 ). Interestingly, the otoliths of YOY alewife from Herring Brook and Oyster Pond displayed distinctive periods of very slow mid-summer growth, in which the daily growth increments became very thin and translucent (a hallmark of stress; Rice et al. 1985) . Otolith chemistry analyzed for one of the Herring Brook YOY showed elevated levels of manganese, a chemical proxy for hypoxia exposure (Limburg et al. 2015) . These lines of evidence suggest that those YOY alewife were likely exposed to low DO conditions and experienced a "growth squeeze" during extended hypoxic episodes, and likely could not exit the ponds until autumn rains raised water levels at the outlet.
In this work, we report measurements of length of YOY alewife for sites in Massachusetts and Maine; we can extend the geographic reach of these results by comparison with similar measurements done across alewife nursery sites from Florida to Maine (Fig. 6, top) , as reported by Turner and Limburg (2016) . First, the Massachusetts and Maine results fit well within the larger scatter of the broader geographic survey, and best-fit slopes were similar. It seems reasonable to conclude that the finding of decreased size achieved by YOY alewife in ponds affected by inputs from more urban watersheds is applicable across a wide geographic range. Second, both data sets reveal much larger variation in less developed settings; there, other factors are likely to affect alewife YOY performance, and their effects can be large and variable. Both data sets also reveal that urban development on watersheds can become a dominant effect, overcoming other controls: as urbanization increases, alewife YOY performancein this example portrayed by lengthconverges on lower values, overwhelming the role of other factors.
We note that other factors can affect fish size at age, including conspecific density and (or) co-occurrence with similar species. In the ponds we studied, densities were unknown, but Oyster Pond, Herring Brook, and Herring River contain only alewife, whereas Coonamessett Pond, Johns Pond, and Stony Brook also support blueback herring (MADMF 2016). These span a range of volumes and areas (Table 1) , and no distinctive patterns were apparent. Although we cannot rule out these other factors, nevertheless the evidence suggests that habitat characteristics (oxygen, temperature, conductivity, turbidity, etc.) related to percent urban cover played a dominant role in the patterns of fish production we observed. Twining et al. (2013) wife that were entering the study ponds (Fig. 6, bottom) . Two points emerge from this comparison. First, there was no significant relation between ␦ 15 N and percent watershed urban cover in adults entering spawning sites, suggesting that the signatures that clearly reflected pond of origin for YOY fish (Fig. 3, top) were effectively lost in the 3 or more years that the spawners spend at sea (where typical ␦ 15 N values are about 13‰; Sherwood and Rose 2005) . Adult signatures, therefore, show no legacy effects, at least in the case of ␦ 15 N. Second, the ␦ 15 N of adult alewife are about two trophic steps higher than those of YOY fish from non-urban sites (Fig. 3) . This is reasonable, because the adults were much larger (mean 265 mm, range 220-290 mm) than the YOY alewife and feed farther up the trophic web at sea (Collette and Klein-MacPhee 2002) . For adult alewife that differ sufficiently in size compared with YOY, ␦ 15 N does reflect trophic level position, unlike the case of the much smaller YOY.
The stable isotope and morphometric results presented here suggest that discharges from watersheds with increased urban land uses led to reduced size, condition, and growth of juvenile alewife and that these effects occurred across sites with a large variety of geomorphic settings and conditions. The joint application of morphometric, age and (or) growth, and stable isotope evidence makes clear that the effects are significant. The data also provide an example of the use of isotopic data for basic understanding of ecological effects, as a reliable indicator useful to assess landscape-level effects on important species, and as a relatively practical means to inform managers of possible stock impairment.
The implications of these findings could have important consequences for alewives (in this case study) and for anadromous fishes in general. Because smaller fish are more vulnerable to predation (Sogard 1997) and more likely to have poorer wintertime condition and hence lower survival (Dutil and Lambert 2000) , these factors can contribute to reduced fitness of emigrating individuals (Limburg 1996) . Even if surviving, if smaller size at egress is not compensated for by higher growth at sea, smaller females would, ceteris paribus, have smaller roe sacs and thus lower fecundity. Populations would therefore be adversely affected both in terms of lowered abundances and fecundity. Turner and Limburg (2016) , surveying river herring from Florida to Maine, found that river herring total length at egress was positively correlated with watershed size, estuary area, and length of accessible river, and negatively correlated with urban land cover and with latitude. Their findings place the present study in a broader context, and together, both studies point to the need for multiple watershed protections that include reducing the impact of urbanization and improving access to spawning and nursery habitats. 
